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Layered steered space-time codes and their
capacity
M. El-Hajjar and L. Hanzo
A capacity analysis of a multifunctional multiple-input multiple-output
system that combines the beneﬁts of vertical Bell Labs space-time
scheme, space-time block codes and beamforming is presented.
Introduction: Recent information theoretic studies [1] have revealed
that employing a multiple-input multiple-output (MIMO) scheme
signiﬁcantly increases the capacity of the system. In [2], Wolniansky
et al. proposed the popular multilayer MIMO structure, known as the
vertical Bell Labs layered space-time (V-BLAST) scheme that is
capable of providing a tremendous increase of a speciﬁc user’s
effective bit-rate, since it was designed for achieving a MIMO-aided
multiplexing gain. On the other hand, space-time codes (STC) [3]
were designed for a high diversity gain. Furthermore, it was proposed
in [4] to combine the beneﬁts of these two techniques for the sake of
providing both diversity as well as multiplexing gains. Moreover,
beamforming [5] constitutes an effective technique for increasing the
antenna gain in the desired user’s direction and thus minimising the
effects of interference in the other users’directions. In this Letter, we
propose a new generalised MIMO, which we refer to as layered
steered space-time code (LSSTC) that combines the beneﬁts of V-
BLAST, STC and beamforming for improving the achievable system
performance and deriving the capacity limits for this powerful new
scheme.
Layered steered space-time codes: A high-level block diagram of the
proposed scheme is shown in Fig. 1. The antenna architecture
employed in Fig. 1 has M transmit antenna arrays (AA) spaced
sufﬁciently far apart in order to experience independent fading and
hence achieve transmit diversity. A number of elements L of each of
the AAs are spaced at a distance of d¼l=2 for the sake of achieving
beamforming. Furthermore, the receiver is equipped with N M
antennas. According to Fig. 1, a block of B input information bits
is serial-to-parallel converted to K groups of bit streams of length B1,
B2,...,BK,w h e r eB1þB2þ ... þBK¼B. Each group of Bk bits,
k2[1, K], is then encoded by a component space-time code STCk
associated with mk transmit AAs, where m1þm2þ...þmK¼M.W e
consider transmissions over a correlated narrowband Rayleigh
fading channel, associated with a normalised Doppler frequency of
fD¼fdTs¼0.01, where fd is the Doppler frequency and Ts is the
symbol duration. The complex additive white Gaussian noise
(AWGN) has a zero mean and a variance of N0=2 per dimension.
Fig. 1 Proposed system model
The L-dimensional spatio-temporal (ST) channel impulse response
(CIR) vector spanning the mth transmitter AA, m2[1,...,M], and the
nth receiver antenna, n2[1,...,N], can be expressed as hnm(t)¼
nm(t)¼anm(t)d(t tk)¼[anm,0(t),..., anm,(L 1)(t)tk), where tk is the
signal’s delay, anm,l(t) is the CIR with respect to the mnth link and
the lth element of the mth AA. Based on the assumption that the array
elements are separated by half a wavelength, we have anm(t)¼
anm(t)   dnm, where anm(t) is a Rayleigh faded envelope, dnm¼[1,
exp(j[p sin(Cnm)]),..., exp(j[(L 1)p sin(Cnm)])]
T and Cnm is the
nmth link’s direction of arrival (DOA).
The received baseband data matrix Y can be expressed as Y¼HWX
þN, where N denotes the AWGN matrix and H is an (N M) matrix
whose entries are hnm. Furthermore, W is a diagonal weight matrix,
whose diagonal entry wmn is the L-dimensional weight vector for the
mth beamformer AA and the nth receive antenna. Let wmn¼dnm
{ ; then
the received signal can be expressed as Y¼LH ˜ XþN, where H ˜ is an
(N M) matrix whose entries are anm. Moreover, Y can be written as
Y¼L
PK
k¼1 H ˜ kxkþN, where xk represents the component STC used at
layer k, with k2 [1, ..., K]. The most beneﬁcial decoding order of the
STC layers is determined on the basis of detecting the higher-power
layer ﬁrst for the sake of a higher correct detection probability. For
simplicity let us consider the case of K¼2 STBC layers and that layer 1
is detected ﬁrst, which allows us to eliminate the interference caused by
the signal of layer 2. However, the proposed concept is applicable to
arbitrary STCs. For this reason, the decoder of layer 1 has to compute a
matrix Q, so that we have Q   H ˜ 2¼0. Therefore, the decoder computes
an orthonormal basis for the left null space of H ˜ 2 and assigns the
vectors of the basis to the rows of Q. Multiplying Q by Y suppresses the
interference of layer 2 originally imposed on layer 1 and generates a
signal, which can be decoded using maximum likelihood STBC
detection. Then, the decoder subtracts the remodulated contribution
of the decoded symbols of layer 1 from the composite twin-layer
received signal. Finally, the decoder applies direct STBC decoding to
the second layer, since the interference imposed by the ﬁrst layer has
been eliminated. This group-interference cancellation procedure can be
generalised to any M and K values.
Capacity analysis: Upon using the decoding order of (1, 2,...,K),
group k will have a diversity order of mk (N Mþm1þm2þ...
þmk)¼mk Nk. Thus, the LSSTC-decoded signal of layer k can be
described as yk¼L
P
t¼1
Nk P
t¼1
mk art xkþDk¼
P
r¼1
Nk w
2
2mkr xkþDk,
where w
2
2mkr¼L
P
t¼1
mk art represents a chi-squared distributed random
variable having 2mk degrees of freedom and Dk is the AWGN after
decoding having a noise variance of w
2
2mkr N0=2 per dimension. Let
y¼(y1, y2, ..., yK), x¼(x1, x2,...,xK) and note that with K groups
there are D¼F
K number of possible F-ary phasor combinations where
F-ary signalling is used for transmission. Thus, the achievable
capacity of the proposed MIMO system for transmission over the
discrete-input continuous-output memoryless channel (DCMC) can
be derived from that of the discrete memoryless channel as [6, 7]:
CDCMC ¼ max
pðx1Þ;   ;pðxDÞ
P D
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where xd represents the dth phasor out of the D possible phasor
combinations, and
pðy=xÞ¼
Y K
k¼1
pðyk=xkÞ and pðyk=xkÞ
¼
1
pN0
P Nk
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w2
2mkr
exp
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Furthermore, CDCMC in (1) is maximised, when the transmitted symbols
are equiprobably distributed, i.e. p(xd)¼1=D. Finally, (1) can be
simpliﬁed to
CDCMC ¼ log2ðDÞ 
1
D
P D
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E
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ELECTRONICS LETTERS 7th June 2007 Vol. 43 No. 12where E[AjB] is the expectation of A conditioned on B and
Cdv ¼
P K
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P Nk
r¼1
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where xdk and xvk represent the kth element in the vectors xd and xv,
respectively. Furthermore, the continuous-input continuous-output
memoryless channel (CCMC) capacity of the proposed LSSTC
scheme can be expressed as [6, 7]:
CCCMC ¼
P K
k¼1
E log2 1 þ
P Nk
r¼1
w2
2mkr
SNR
mk
     
[bit/sym] ð4Þ
where we have SNR¼K RSTC log2 (F)   Eb=N0 and RSTC is the rate of
the speciﬁc STC used.
Results: We consider a system employing M N¼4 4 antennas
and K¼2 layers, in order to demonstrate the performance improve-
ments achieved by a downlink (DL) scheme where a BS employing
M¼4 transmit antennas is communicating with a laptop receiver
employing N¼4 back plane antennas. The system employs QPSK
modulation and considers transmission over a correlated Rayleigh
fading channel. Fig. 2 shows the effect of increasing the DL BS
beamforming gain by increasing the number of beam-steering
elements L i nt h eA A ,w h i l em a i n t a i n i n gt h es a m en u m b e ro fA A s .
As shown in the Figure, when the number of beam-steering elements
L increases, the achievable BER performance substantially improves.
Fig. 3 quantiﬁes the channel capacity limits of the proposed LSSTC
scheme employing QPSK, M¼N¼4 and a variable value of L.
Fig. 2 BER performance of QPSK modulated M N¼4 4 LSSTC sys-
tem for variable L
Fig. 3 Capacity of QPSK modulated M N¼4 4 LSSTC system for
variable L
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